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Axial chiral molecules are extensively used as skeletons in ligands for asymmetric catalysis and as building
blocks of chiroptical materials. Designing axial chirality at the supramolecular level potentially endows
a material with dynamic tunability and adaptivity. In this work, for the first time, we have reported a series
of halogen-bonded dimeric complexes with axial chirality that were formed by noncovalent bonds. The
[IN-I1-NJ*-type halogen bond is highly directional and freely rotatable with good linearity and ultra-high
bond energy; this bond was introduced to couple quinoline moieties with chiral substitutes. The
resultant dimers were stable in solutions with thermo-resistance. Prominent steric effects from the 2’

chiral pendant allowed the chirality to be transferred to aryl skeletons with induced preferred axial
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Accepted 25th August 2023 chirality and optical activities. Halogen-bonded complexation presented visible emissions to afford

luminescent axial chiral materials, whereby circularly polarized fluorescence and phosphorescence were

DOI: 10.1039/d35c03170e achieved. The [N-I-N]*-type halogen bond performed as a powerful tool to construct functional axial
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Introduction

Being a basic feature of natural products, chirality expresses
hierarchy across molecular to supramolecular and macroscopic
levels.*®* Molecular-level chirality represents a property that
a molecule cannot be superimposed with its mirror entity. In
contrast, the asymmetric packing of molecules oriented by
noncovalent forces in the self-assembly exhibits chirality at the
supramolecular scale, which correlates to the generation of
versatile chiral nano/microarchitectures and other self-
assemblies of diverse dimensions and sizes.* Compared to the
synthetic chemistry that produces chiral molecules by asym-
metric catalysis or resolution, the supramolecular protocol is
efficient as it works by assembling chiral molecules or through
symmetry breaking with subsequent chiral amplification.>” The
various noncovalent forces allow flexible design and fabrication
of chiral-assembled structures towards advanced functions and
applications for asymmetric sensing, recognition, resolution,
and chiroptical materials. A state-of-the-art understanding of
supramolecular chirality, however, still remains obscure due to
the lack of classification, which is in sharp contrast to explicit
molecular chirality comprising central, axial, planar, helical,
and distorted types.* A good example is the precise description
of 2, or other types of packing of planar aromatics, such as the

Key Laboratory of Colloid and Interface Chemistry of Ministry of Education and School
of Chemistry and Chemical Engineering, Shandong University, Jinan 250100, People's
Republic of China. E-mail: xingpengyao@sdu.edu.cn

T Electronic supplementary information (ESI) available. CCDC 2258561. For ESI
and crystallographic data in CIF or other electronic format see DOIL
https://doi.org/10.1039/d3sc03170e

10194 | Chem. Sci, 2023, 14, 10194-10202

chiral compounds, enriching the toolbox for asymmetric synthesis and optics.

supramolecular tilt chirality that depends on the X-ray struc-
tures.®® However, it is still limited to specific packings, such as
the Sohncke space groups.” It is hard to rationally describe
supramolecular chirality in most cases. At the molecular level,
axial chirality is generated when two pairs of substitutes are
within a nonpolar orientation around an aryl-aryl bond, which
limits the free rotation by the steric hindrance. Axial chirality
commonly occurs in derivatives of allenes and biphenyl atro-
pisomers, such as BINAP, where it has been widely utilized in
asymmetric catalytic ligands and chiroptical applications.*™**
However, supramolecular interaction has not been applied to
fabricate axial assemblies yet.

A halogen bond (or X-bond) is defined as the net attractive
interaction between the nucleophilic and electrophilic regions
of halogens.'**® Halogen bonds, including I-O, Cl-O, Br-O, Cl-
S, CI-N, and Br-w interactions, have been found in protein
complexes, which influence their chiral folding and
functions.”** In many self-assembled systems containing
halogens, halogen bonds play vital roles in tailoring and
manipulating supramolecular chirality and optics.>»* Never-
theless, the weak nature of halogen bonds (interaction energies
are normally lower than 100 k] mol™") suffers from solvation
and competitive electrophilic or nucleophilic agents, and
consequently, it is challenging to achieve stable halogen-
bonded supramolecular complexes in solution.'®?*?%3° The
ionic I' with two enhanced electrophilic regions, namely p-
holes, could generate [N-I-N]'-type ionic halogen bonds with
extremely boosted interaction energies of >180 kJ mol . These
have emerged recently as a promising driving force to construct
functional entities due to high stability and bond energy.**-**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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For example, [N-I-N]"-type ionic halogen bonds have been
employed to fabricate supramolecular frameworks, helical
polymers, and other functional assemblies with finely tailored
geometries.?**% [N-I-N]"-type halogen bonding can be
perceived as a bond with three centers and four electrons that is
established by the stabilization of T" through interaction with
two Lewis bases; it involves two N-I secondary bonds. Should
any of these bonds be compromised, it initiates the breakdown
of the entire halogen bond.*® Hence, the binding constants for
[N-I-N]"-type halogen bonding complexes cannot be deter-
mined using titration experiments in combination with relevant
formulae** or through Pall Thordarson's webpage,* as is
feasible with conventional host-guest complexes. Furthermore,
solvents play a critical role. For instance, dimethyl formamide
and acetone, containing carbonyl oxygen atoms that function as
Lewis bases, can compete with quinoline derivatives for inter-
action with I', potentially leading to the disruption of halogen
bonding. This consideration also accounts for why past studies
have often favored the wuse of dichloromethane or
chloroform.?*3'3>38

The [N-I-N]" bond is highly directional, with an N-I-N angle
of ~180°.>* This linearity inspired us to consider it as a rotational
bond to couple two aromatics to create a pro-axial chiral
complex.”* A chiral pendant that is conjugated adjacent to the
[N-I-N]" bond might direct the screw sense to give aryl axial
chirality. To achieve this, we designed a series of quinoline
building units with a chiral pendant at 2’ and 3’ positions
(Scheme 1). An Ag(1) coordination-iodine substitution procedure

© 2023 The Author(s). Published by the Royal Society of Chemistry

was conducted to synthesize [N-I-N]"-bonded dimeric complexes
with tailored substitutions. Experimental and computational
results provided evidence that axial chirality was achieved with
prominent steric effects. The supramolecular axial chirality
showed resistance to solvation and thermal treatment. In addi-
tion, halogen-bonded complexation initiated luminescent
evolution from the UV to the visible region, which led to the
realization of circularly polarized fluorescence (CPL) and phos-
phorescence (CPP).

Results and discussion

Quinoline derivatives bearing chiral pendants at 2’ and 3’
positions were synthesized via amide condensation reactions.
To synthesize halogen-bonding coupled supramolecular
complexes, Ag(1) coordinated complexes were first synthesized,
followed by the iodine substitution. The halogen-bonded
products were fully characterized by "H nuclear magnetic
resonance (NMR), mass spectroscopy (MS), and other tech-
niques. Fig. 1a represents the chemical shift variations after the
halogen-bonded complexation of 2°MB. For the protons at the
quinoline core, chemical shifts move to lower fields, while the
chemical shifts on the chiral pendent exhibit high field shifts,
and no new peaks are found. The p-holes on the cationic iodine
are filled by the lone-pair electrons of the sp® N, further
diminishing the electron density of quinoline and enhancing
the shielding effects.*> Consequently, the de-shielding effect is
enhanced for the chiral pendent on the periphery. The chemical

Chem. Sci., 2023, 14, 10194-10202 | 10195
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Fig.1 Characterizations of halogen bonded complexes. (a and b) 'H NMR spectra comparison of 2fMB/2fMB-| and 2°Nea/2*Nea-I respectively
in CDCls (c = 10 mM, 298 K). (c) Calculated and experimental MS of 2fNea-!. (d) XPS spectrum of 2fNea-I. (e) Comparison of the FT-IR spectra of

2”Nea/2"Nea-1 (KBr tablets).

shift changes are also found in other analogs after the forma-
tion of the iodine complexes (Fig. 1b and S17), without the
observation of starting material residues or side products,
implying that it was a quantitative reaction. In high-resolution
MS spectra, the calculated values are consistent with the
experimental results with well-defined isotopy resolution
(Fig. 1c and S3f), indicating the formation of [N-I-N]"
complexes. X-ray photoelectron spectroscopy (XPS) that can
detect the valency and types of elements were employed (Fig. 1d
and S47). Peaks at 620.1 eV and 631.6 eV are assigned as 3d,3
and 3ds,, band. The existence of I 3d spectrum indicates the
generation of I' species based on the previous reports.*
Fourier transform infrared spectroscopy (FT-IR) reflects the
variations in bond information. In Fig. le, the peak at
3057 cm™ ' is assigned to the stretching of protons on the
quinoline cores, which shifted to 3109 cm ™ after complexation.
Peaks at 1666 cm ™' and 1495 cm ™' are assigned to the vibra-
tional stretching of C=0 and C=C bonds in quinoline; all
these peaks shifted to higher wavenumber regions.***¢® These
shifts are contributed by the formation of iodine complexes that
lower the electron density via halogen bonding. Through
multiple characterizations, the successful synthesis of [N-I-N]"
complexes was confirmed.

The X-ray crystal structure of the Ag(i)-coordinated interme-
diate is displayed in Fig. 2a. Expectedly, the N-Ag-N bond
generated a bond angle of 178.2°, which linearly links the
quinoline cores. This geometry provides a favorable precursor
to fabricate a rotatable axial chiral complex. Quinoline
segments pack in a trans mode (pendant on the opposite sides)

10196 | Chem. Sci, 2023, 14, 10194-10202

that enables a slight screw sense with a dihedral angle of 3.2°.
The dihedral screw adopts a preferred handedness that is
determined by the chiral pendant, indicating that the absolute
chirality of the pendant would determine the handedness of
quinolines. This remote control may occur in both dilute solu-
tions and solid states, and it arises from potential steric effects
and adjacent packing. Due to the difficulties in obtaining iodo-
compound crystals, density functional theory (DFT) calcula-
tions at the B3LYP-D3 def2TZVP level of theory with Grimme D3
dispersion correction (BJ-damping) were employed to unveil the
geometries in dichloromethane using the SMD solvent
model*-* (Fig. 2b-f). 2PPhe-I complex with phenylalanine
pendant features multiple intramolecular weak forces and
internal folding (Fig. 2b). For instance, protons of quinoline
with enhanced acidity form CH-m and H-bonds with benzene
and carboxyl groups, respectively. The intramolecular folding
was further verified by the independent gradient model based
on the Hirshfeld partition (IGMH) analysis.*® The N-I distance
was determined to be 2.32 A, with an N-I-N angle of 179.8°,
which is consistent with previous reports.>**® The fine linearity
of [N-I-N]" halogen bond features rotatability and shape-
resistance, preferably enabling the screw sense of quinolines.
The dihedral angle was determined to be 123.3° (2PPhe-I),
which was designated as a S-intrinsic aryl chirality. The screw
sense shows an enantiomeric effect whereby 2°Phe-1 gives
opposite R-chirality with a similar dihedral angle (123.5°).
Apparently, the steric effects of the chiral pendants are less
prominent in the case of the 3’ position. For instance, 3°Phe-I
gives a 154.3° dihedral angle, yet the complementary angle of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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25.7° is relatively small considering the preferred trans confor-
mation (Fig. 2c). The steric effects on the screw angle are also
demonstrated in other examples (Fig. 2d-f). 2°MB-I1 shows
a dihedral angle (120.9°) that is significantly larger than its 3’
counterpart (15.3°, 3*MB-I). The steric effect was further evi-
denced by a control experiment (Fig. 2f). The methyl group at
the 2’ position of 3°Nea-l introduces considerable steric
hindrance, due to which the dihedral angle increases from 13.8°
to 26.6°. The results suggest that the chiral pendant on 2’
substitution favors the formation of axial chirality.

To elucidate the preferred chiral geometry with respect to
system energy, examples of 2°MB-I and 2*Nea-I were compared
(Fig. 3a and b). For 2*MB-1, the electronic energy of the S-isomer
is energetically not stable compared to the R-isomer. An energy
gap of 4.14 kcal mol™' determines that 2°MB-I preferably
adopted R screw sense. This energy difference is contributed by
the steric effect of the chiral pendant, which hinders the race-
mization of biquinoline axial chirality. This energy difference
could not be observed in the conventional axial compounds
such as BINAP and biphenyl derivatives, whose R- and S-
configuration share identical system energy and stability.”* In
addition, the high steric effects and transformation barriers
hinder the racemization of these chiral compounds. For the
present case, increasing steric effects would slightly increase the

© 2023 The Author(s). Published by the Royal Society of Chemistry

selectivity (Fig. 3b). 2®Nea-I with a naphthalene moiety and
larger steric effect gives a 4.34 kcal mol™' energy difference,
which is slightly larger than that of 2°MB-I. Compared to the 2’
substitutes, 3’ halogen bonded complexes show a very small
energy gap between R and S (Fig. 3¢), which is consistent with
the DFT geometries and the small dihedral angles. Using 3*Nea-
I, as the proof-of-concept, the impacts of rotation angles
between quinolines on the energy were evaluated. The clockwise
(S direction) and anti-clockwise (R direction) screw will gradu-
ally elevate the electronic energy gaps, which however are rela-
tively small (less than 0.6 kcal mol ). This energy difference
suggests the poor selectivity towards the formation of homo-
chiral axial complexes in solutions. The steric effect is a prom-
inent factor to be considered in controlling axial chirality.
Chiroptical properties in solutions were evaluated (Fig. 4).
The pristine starting compounds and the halogen-bonded
complexes are highly soluble in many lab-used organic
solvents without aggregation. The formation of ionic halogen
bonding causes bathochromic shifts of absorption from 270 nm
to around 330 nm (Fig. S5t). The absorption variation that
occurs at quinoline segments initiates changes in the CD
spectrum. In CH,Cl, with a 1 mM concentration, 2'Phe-I and
2PPhe-1 generate negative and positive Cotton effects over the
absorption region (Fig. 4a). In contrast, the 3’ counterpart 3Phe-

Chem. Sci., 2023, 14,10194-10202 | 10197
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I is basically CD-mute without chiroptical activity, possibly
caused by the co-presence of multiple chiral conformations and
small steric effects, although 2" and 3’ substitutes share the
same chiral pendant. Active Cotton effects were also found in
2MB-I and 2Nea-I systems with enantiomeric selectivity (Fig. 4b
and c). The signs of CD spectra are consistent with the desig-
nated R or S axial chirality as BINAP. An unpronounced steric
effect is found in 3Nea-I, whose CD spectra barely change as
compared to 3Nea. This indicates that the screw sense can easily
undergo a transition between R or S, resulting in the failed
formation of special axial chirality (Fig. 4b). However, after
conjugating the methyl group as 3MNea-I with enhanced steric
effects, an evolution in the Cotton effect was observed (Fig. S67).
In a word, the 3’ substitutes generate an externally racemic
axially chiral complex due to unpronounced spatial steric
effects, manifesting only monomeric point chirality signals in
the solution. In contrast, the halogen-bonded complex of 2’
substitutes represents atropisomerism facilitated by hindered
rotation; it achieves the preparation of supramolecular axially
chiral motifs. The comparison of the CD spectra is in good
agreement with the DFT-optimized geometries and designated
handedness. Using the steric effect by region-selective substi-
tution, axial chirality, and the corresponding chiroptical prop-
erties shall be readily controlled. The DFT-optimized structures
of 2Nea-I and 3MNea-I were subjected to electronic CD calcu-
lations (Fig. 4d and e). 2°Nea-I and 2*Nea-I with S- and R-axial
chirality show mirror Cotton effect curves. The sign of the CD
spectra is in accordance with the experimental results, which
implies they may adopt the proposed geometries in solutions.

10198 | Chem. Sci, 2023, 14, 10194-10202

Then, the thermostability of the supramolecular chirality was
evaluated (Fig. 4f, g and S71). For example, by elevating 2*Nea-I
solutions from 20 to 45 °C, the intensity of the Cotton effect was
enhanced with slightly decreased absorbance. The variations
are caused by the accelerated rotation as well as the de-solvation
process, which is thermo-reversible. The cooling process
witnesses the full recovery of Cotton effects with no hysteresis
for both 2*Nea-I and 2°Phe-1. No racemization or decomposi-
tion was observed during heating-cooling cycles, indicating
considerable thermo-resistance.

The formation of [N-I-N]' ionic halogen bonding has
dramatic impacts on the electronic ground and photoexcited
states. In the absorption spectra (Fig. 5a), the multiple absorp-
tion bands of 2°MB with an extremum peak at 290 nm exhibited
a bathochromic shift to 327 nm after the formation of halogen
bonding. The absorption shifts were also observed in other
supramolecular complexations with specific dependence on the
substitution positions (Fig. S51). The 2’ substitution possesses
stronger absorption coefficients than those of the 3’ substitu-
tion even though the pristine compounds have similar
absorption bands. This may be because the density of the
electron cloud near the nitrogen atom in quinoline is reduced
after the formation of [N-I-N]" halogen bonds, which makes it
easier for electron transitions to occur.***> Supramolecular
complexation promotes a dramatic change in emission as well
(Fig. 5b).>***

2R”MB-I and 2"Phe-1I exhibit blue emission in CH,Cl, with the
maximum emission peak shifting from 350 nm for the mono-
mers to 430 nm. Insets of Fig. 5b intuitively demonstrate the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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evolution of luminescence color in the powder state, whereby
the emission in the visible region emerged. Meanwhile, the
emission intensity of supramolecular complexes was enhanced,
which may be caused by the formation of [N-I-N]', inhibiting
the non-radiative transition. The frontier orbitals of 2"Phe and
2"Phe-I are depicted in Fig. 5c. For 2"Phe, the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are at —6.60 eV and —1.95 eV, respectively, with
an energy gap of 4.65 eV; these are all located on the quinoline
segments. In 2"Phe-I, the HOMO electron cloud is located on
the phenyl moiety of the chiral pendant, while LUMO is located
at the quinoline. The energy gap shrinks to 4.10 eV, corre-
sponding to the bathochromic shifted absorption and emission

© 2023 The Author(s). Published by the Royal Society of Chemistry

wavelengths (Table S3t1).** We investigated the excited-state
dynamics before and after the iodine complex formation
using femtosecond transient absorption spectroscopy (TA,
Fig. 5d-f and S8%). A 400 nm pump light was used for excitation,
and the excited state absorption spectrum was collected in the
wavelength range of 320 to 800 nm with a time window of 0-7.6
ns. In the ultrafast spectrum of 2°MB, there are three distinct
excited state absorption (ESA) bands at 340 nm (ESA I), 400 nm
(ESA 1I), and 420 nm (ESA III). Among them, ESA I decayed into
a single exponential, and its lifetime was 39 ps. ESA II and ESA
III did not decay completely within the time window tested.
There were two obvious ESA signals in the ultrafast spectrum of
2"MB-I; the ESA I at 375 nm exhibited a triple-exponential decay

Chem. Sci., 2023, 14, 10194-10202 | 10199
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Fig. 5 (a and b) Absorption and emission properties of 2f*MB-1, 3*MB-I, 2"Phe-I1, and 3"Phe-I, respectively (1 mM in CH,CLl,). Insets show the
luminescent colors under UV light irradiation and quantum yields. (c) HOMO-LUMO orbitals and energy levels of 2"Phe-I. (d and e) The TA
spectra of 2°MB and 2°MB-| at different delay times (10 mM in CH,CL,). (f) The TA kinetic traces of 2°MB and 2°MB-1 at specific probe wave-
lengths. (g) Lifetime comparison of different compounds measured in the solid state. (h and i) CPL spectra of 2MB-I and 2Phe-| measured in the

PMMA film (Aex = 350 nm).

with a decay lifetime of 94 ps, whereas ESA II at 550 nm did not
completely decay in the whole-time window. It can be seen from
the results that the lifetime of the excited state is extended to
a large extent after the formation of the iodo-complex, resulting
in slower radiative transition, which corresponds to the
enlargement of the emission lifetime of the iodine complex
(Fig. 5g). Chirality was transmitted to the photoexcited state,
and CPL spectra were collected in the PMMA film to reduce any
artifacts aroused by macroscopic anisotropy (Fig. 5h, i and S97).
Active CPL signals were observed at the maximum emission
wavelength of ~450 nm. 2°MB-I and 2°MB-I generated s- and r-
CPL, respectively, with the same handedness as compared to
2PPhe-I and 2"Phe-I; this correlation is consistent with the CD
signs shown in Fig. 4a and c. The luminescent asymmetry
factors (gjum) reached ~10~%, which is consistent with organic
molecules reported in other works.>*>

Unexpectedly, 2°Nea-I exhibited a longer lifetime as
compared to other iodo-complexes (Fig. 5g). In the solid state,
2"Nea-I was red-emissive (Fig. 6a), while luminescent colors of

10200 | Chem. Sci, 2023, 14, 10194-10202

other complexes remained blue or cyan. The lifetime of 717.5 ns
can be assigned as a long-lived phosphorescence or thermally-
activated delayed fluorescence. To validate the nature of such
emissions, prompt and delayed emission spectra were collected
in the polymethyl methacrylate (PMMA) thin films (Fig. 6b). The
prompt emissions of the polymer matrix were located at
~520 nm and 600 nm, respectively, while the delayed spectrum
only had a peak at ~600 nm, indicating that the red emission
belongs to phosphorescence. In the solid state, even in the
prompt state, the maximum peak at 630 nm was found due to
the compact packing that hinders non-radiative emission and
blocks the interference of oxygen. The Jablonski diagram is
depicted in Fig. 6c. The first singlet excited state S; with an
energy level of 3.042 eV is close to the triplet excited state, T¢
(3.039 eV), with a small AEgy of 0.003 eV. After the intersystem
crossing (ISC), the internal crossing (IC) occurs, finally giving
rise to phosphorescence. The generation of phosphorescence
benefits from the existence of iodine atoms with a heavy atom
effect.>»57°® However, the structural factors of the chiral

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 (a) Emission decay curve of 2°Nea-| in the solid state, as well as
the red emission under UV light (delay time = 50 us). (b) Comparison of
the emission spectra of 2°Nea-I in different states. (c) The Jablonski
diagram. (d) CPL of 2Nea-| measured in PMMA film. (A¢x = 350 hm).

pendant should be considered as well, due to 2Nea-I exclusively
demonstrating the long-lived emission. A particular structural
feature of 2Nea-I is the formation of intramolecular -7
stacking between quinoline and adjacent naphthalene moieties
(3.60 A),** which does not exist in 3Nea-I or other complexes
(Fig. 2e). This feature would rigidly anchor the conformation
that diminishes the nonradiative emission to facilitate the ISC
process. In addition to the above results, circularly polarized
phosphorescence (CPP, Fig. 6d) was realized with gjym of ~1073,
which is consistent with other CPP materials.®***

Conclusions

In summary, we successfully employed a [N-I-N]"-type halogen
bond as a general protocol to construct supramolecular axial
chiral compounds. Quinoline derivatives with chiral pendants
at the 2’ and 3’ positions, coupled by halogen bonds, generated
supramolecular dimers that exhibited axial chiral features as
indicated by experiments and DFT calculations. The supramo-
lecular complexes and chirality showed prominent impacts on
steric hindrance, which influenced the chirality transfer from
the pendant to the aryl cores. The strong binding energy of [N-I-
N]*-type halogen bond allows resistance to solvation and
thermal treatment. Luminescent evolution was observed to be
triggered by halogen bonds, inducing multiple emissions and
chiroptical properties, whereby the CPL and CPP were realized.
This work established a new strategy to build axial supramo-
lecular complexes, paving an avenue for supramolecular asym-
metric catalysis and optics.

Experimental

Materials, experimental details, and additional CD, '"H NMR,
3C NMR, and MS spectra can be found in the ESL+

© 2023 The Author(s). Published by the Royal Society of Chemistry
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